[1] A detailed investigation of the relationship between the spatial and temporal patterns of the seismic activity recorded by six autonomous hydrophones and the structure of the northern Mid-Atlantic Ridge between 15°and 35°N is presented. Two years of monitoring yielded a total of 3485 hydroacoustically detected events within the array recorded by four or more hydrophones. The seismically active zone extends $20 km to either side of the ridge axis, consistent with earlier results from studies of fault morphology. Along the axis, hydrophone-recorded activity shows important variations. Areas with intense and persistent seismic activity (stripes) stand in sharp contrast to areas that lack seismicity (gaps). The regions of persistent activity are a new observation at mid-ocean ridges. In general, the patterns of seismically active/inactive regions are also recognized in the 28-year teleseismic record, implying that these patterns are maintained at timescales between a few years and a few decades. We find no simple relationship between individual segment variables (e.g., length or trend of the segment, maximum offset of discontinuities, or along-axis change in mantle Bouguer anomaly (MBA) and water depths) and number of hydrophone-recorded events. There does appear to be a correlation between axial thermal structure and seismicity. Regions of low and high numbers of events would thus correspond to thinner (hotter) and thicker (colder) lithosphere, respectively. Seismicity may reflect thermal structure at short timescales (decadal or longer), while relief and inferred crustal thickness may integrate this structure over longer periods of time (order of 1 Myr).
Introduction
[2] In January 1999, six autonomous hydrophones, designed and built by NOAA's Pacific Marine Environmental Laboratory (PMEL), were moored on the flanks of the Mid-Atlantic Ridge (MAR) (Figure 1 ) to monitor the seismicity of a portion of this slow spreading ridge . Here we present a detailed look at the seismicity of the northern MAR between 15°and 35°N as recorded by the hydrophones for a period of $2 years.
[3] The region of the MAR within the hydrophone array is part of the French American Ridge Atlantic (FARA) project, which extends from 15°to 40°N. This section of the MAR has been subject to intensive study over the past several years. Multibeam bathymetry data have been collected along the entire length of the ridge axis, and several surveys have extended well off axis [e.g., Cannat et al., 1999; Gente et al., 1995; Needham et al., 1991; Patriat et al., 1990; Rommevaux et al., 1994; Sempéré et al., 1995; Thibaud et al., 1998; Tucholke et al., 1997] . The FARA region includes several sites of multidisciplinary study. Well-known examples of which include the MARK area near 23°N [e.g., Karson et al., 1987] , the TAG hydrothermal vent field near 26°N [e.g., Kleinrock and Humphris, 1996b; Rona et al., 1976] , the segments between the Hayes and Oceanographer transforms (33°-35°N) [e.g., Detrick et al., 1995] , and the FAMOUS area near 37°N [e.g., Heirtzler and van Andel, 1977] .
[4] There have been a number of detailed studies of teleseismic earthquakes on the MAR [e.g., Bergman and Solomon, 1990; Huang and Solomon, 1988; Huang et al., 1986] and its fracture zones [e.g., Abercrombie and Ekström, 2001; Wolfe et al., 1993] . In addition, a number of local microearthquake experiments using ocean bottom seismometers (OBS) have been conducted at various locations along the MAR [e.g., Barclay et al., 2001; Kong et al., 1992; Toomey et al., 1985 Toomey et al., , 1988 Wolfe et al., 1995] . All of these studies provide a framework within which we can place the results of the hydrophone monitoring.
[5] Results from the first year of hydrophone data allowed us to make some general observations on the seismicity [Bohnenstiehl et al., 2000 Smith et al., 2002] . The magnitude of completeness of the hydrophone data set is m c $ 3.0, with a number of smaller events being recorded. A significant variability in event rate along the axis of the MAR was observed within the array. Groups of neighboring segments appeared to behave similarly, producing an along-axis pattern with high and low levels of seismic activity. Smith et al. [2002] suggested that this broad-scale pattern is likely influenced by the axial thermal regime. In addition, data from off-axis indicated that most seismic faulting occurs within 15 km of the axis center. Finally, several earthquake sequences were detected that had variable temporal characteristics, suggesting fundamental differences in the causes of their seismicity [Bohnenstiehl et al., 2000 Smith et al., 2002] .
[6] In this work we extend our study and present a detailed investigation of the relationship between the spatial and temporal patterns of the seismic activity recorded by the hydrophones and the structure of the ridge, especially with regard to ridge axis segmentation. An additional year of data has been added. The $2 years of monitoring (day 52, 1999, to day 78, 2001 ) yielded a total of 4922 hydroacoustic events from throughout the North Atlantic basin (0°-65°N, 60°W-20°W) recorded by four or more hydrophones. A total of 3485 of these events were located within the array (15°N-37°N, 50°W-34°W ). This data set provides us with an unparalleled view of the seismicity of the ridge over a broad region and over a broad range of event magnitudes. The results are compared with recent teleseismic activity and with previous microearthquake studies within the study area. This comparison allows us to identify possible factors responsible for the observed patterns of seismicity and their variations along axis.
Background

Segmentation of the Spreading Axis at the Northern MAR
[7] The MAR between 15°and 35°N is a slow spreading ($12 mm/yr, average half rate), divergent plate margin typically marked by a 1.5-3 km deep, 15-30 km wide axial rift valley. Five major transforms offset the ridge within the hydrophone array (Fifteen-Twenty, Kane, Atlantis, Hayes, and Oceanographer; Figure 1 ). Between the transforms the ridge is divided into spreading segments whose ends are defined by nontransform offsets [e.g., Sempéré et al., 1993; Spencer et al., 1997] . The rift valley commonly contains an axial volcanic ridge that is considered to be the predominant site of volcanic activity [e.g., Ballard and van Andel, 1977; Smith and Cann, 1993] . On the basis of the sizes of the volcanic ridges that have been constructed on the valley floor [e.g., Ballard and van Andel, 1977; Gente et al., 1991; Smith and Cann, 1993, 1999] , large volumes of lava must be erupted at the northern MAR. Currently, we do not know how frequently magmatic events occur, whether they migrate along the axis, whether there are spatial patterns in these events, or how they vary through time.
[8] Faulting style is observed to vary along the length of a segment with faults having larger throws and wider spacing at segment ends than centers [e.g., Mutter and Karson, 1992; Shaw, 1992; Shaw and Lin, 1993] . Off axis elevated seafloor and residual gravity highs, and exposures of lower crustal/ upper mantle rocks along the inside corners of ridge axis discontinuities suggest a cross-axis asymmetry in tectonic extension at slow spreading ridges [e.g., Escartín and Lin, 1995; Severinghaus and Macdonald, 1988; Tucholke and Lin, 1994] , with most of the extension occurring at the inside corners. On the basis of the characteristics of fault populations there appear to be little, if any, faulting beyond the crest of the rift mountains ($1.5 -3 Ma crust, typically 20-40 km from the axis [e.g., Escartín et al., 1999] ).
Seismic Studies at the Northern MAR
[9] As mentioned there have been a number of detailed studies of teleseismic earthquakes on the MAR [e.g., Bergman and Solomon, 1990; Huang and Solomon, 1988; Huang et al., 1986] . The larger earthquakes occur preferentially in areas with a deeper median valley (generally segment ends) [Huang and Solomon, 1988] , and are likely to be tectonic in origin. Bergman and Solomon [1990] concluded that volcanic earthquakes on the MAR probably fall below the magnitude threshold for teleseismic detection using global seismic networks. They observed a number of teleseismic swarms on the MAR, and determined that they were due to tectonic extension. The results of these studies, though, have been limited in their capacity to provide a representative account of general seismicity at the MAR, because they do not include the lower magnitude tectonic and volcanic events.
[10] Local microearthquake experiments have shown differing trends in seismicity for different MAR segments. For instance a progressive shoaling of events within the crust was observed toward the segment center at 26°N [Kong et al., 1992] , but that is not observed at 29°N [Wolfe et al., 1995] . Wolfe et al. [1995] interpreted this as an indication that the thermal structure at the MAR is not in steady state. Therefore different styles of seismicity might be expected from segment to segment. Segment variability in microseismicity is corroborated by the study of Barclay et al. [2001] , who found that the maximum depth of seismicity (3-4 km) at the center of the spreading segment near 35°N is anomalously shallow compared to other segments. Barclay et al. [2001] speculated that this is related to the thick crust and high crustal temperatures inferred for the center of the 35°N segment. Although not concurrent in time, these microearthquake studies help to constrain our interpretation of the hydrophone-recorded event patterns.
Hydrophone Data
[11] In order to monitor seismicity in remote areas of the world's oceans, PMEL developed autonomous hydrophone moorings. The hydrophones are able to record low-frequency acoustic energy in the Sound Fixing and Ranging (SOFAR) channel over extended periods. In 1996 PMEL moored six autonomous hydrophones in the equatorial Pacific and have been collecting data since then. On the basis of the success of the equatorial hydrophone array, in February 1999 six hydrophones were deployed in the North Atlantic. The Atlantic hydrophones are spaced $1000 km apart and centered on the ridge axis (Figure 1 ). The data analyzed in this work were recorded between day 52, 1999, and day 78, 2001, and thus represent just over two years of monitoring.
[12] The hydrophone data are processed at PMEL as detailed elsewhere [Fox et al., 2001] . The entire hydrophone earthquake database collected and processed to date is available on line at http://autochart.pmel.noaa.gov:1776/ autochart/GetPosit.html. An example of the data is shown in Figure 2 . The peak amplitude of the T wave signal packet is visually picked and used as the earthquake arrival time. After picking the events on individual hydrophones, PMEL software derives an event location, which includes its latitude, longitude, and source time; which of the hydrophones recorded the event; the estimated error for location and time; the acoustic magnitude at the source, and the error of that magnitude based on the variation of the estimates from each sensor.
[13] Acoustic magnitudes of oceanic earthquakes are estimated from the T wave signal amplitude by removing the hydrophone instrument response and the transmission loss during propagation in the SOFAR channel. Only a very crude transmission loss estimate is used in routine processing, based on 5 km of spherical spreading following by simple cylindrical spreading with no bathymetric blockage. Although adequate for use in broad statistical analyses of the data [e.g., Bohnenstiehl et al., 2000 Bohnenstiehl et al., , 2002 , acoustic magnitudes of individual events should be calculated with a full transmission loss model before being interpreted. Thus is this work we do not consider the magnitudes of events in our interpretations of segment-scale processes.
[14] Spectral amplitudes between 5 and 30 Hz are typically used to estimate acoustic magnitudes since this band provides the optimum T wave signal-to-noise ratio for magnitude >2 earthquakes [Dziak et al., 1997] . The acoustic energy (power) levels of the earthquakes are determined by averaging the source level estimated from each hydrophone. The resulting magnitude represents the acoustic energy of the earthquake at the seafloor-water interface, and is in units of decibels (dB) relative to pressure (micropascals) at a reference distance of 1 m above the seafloor. All reference to dB in this paper will be similarly referenced.
[15] As discussed by Fox et al. [2001] , T wave source location is the most accurate term for the locations derived from the hydrophone data because they mark where the energy leaves the seafloor and enters the water column. The locations may coincide with earthquake epicenters, but several other factors such as topographic relief, complex velocity structure of the crust, and depth of the earthquake below the seafloor may bias these locations. In some sections of the ridge, events are located both in the deepest parts of the valley floor as well as in the crestal mountains, which rise in some places to the depth of the SOFAR channel ($800-1000 m). Whether this indicates there is not a bias in the locations with respect to water depth, whether the events located at the tops of shallow features are topographically steered and epicenters are elsewhere, or whether the events on the deep parts of the valley floor are mislocated is impossible to know at this time.
[16] Predicted location errors within the array are based on the methods developed for the Pacific arrays [Fox et al., 2001 ] using the Generalized Digital Environmental Model (GDEM) for the Atlantic and the hydrophone configuration shown in Figure 1 . The error assumed for arrival times in the Pacific, based on the eruption at Loihi seamount off of the south coast of the Big Island of Hawaii, was standard deviation (SD) = 0.75 s. This error model accurately predicted the observed errors obtained in the least squares location analysis. Since there is no known volcanic point source in the Atlantic, a value for arrival pick error was inverted from the two years of earthquake locations. To match the prediction model accurately, the arrival time picking error for the Atlantic array had to be doubled to SD = 1.5 s. This increase in pick error for the Atlantic case is most likely due to differences in the geological setting (for example rougher seafloor or deeper source depths) that result in a broader, less impulsive T wave. The predicted location errors based on this higher arrival pick error are SD = $2 km in latitude and longitude within the Atlantic array based on 972 events recorded on all six hydrophones. Using fewer hydrophones does not significantly change the error prediction, although the measured location errors become less dependable with fewer degrees of freedom. [17] Below a source magnitude of 208 dB, the number of earthquakes located from the hydrophones data falls off significantly, as can be seen on a plot of cumulative frequency versus magnitude (Figure 3 ). This indicates that events with acoustic magnitudes <208 dB may not be clearly recorded on four or more hydrophones due to variations in transmission loss within the array. Using the RAM propagation loss code [Collins, 1993 [Collins, , 1994 and the 5 Hz component of a hypothetical earthquake on the Hayes Fracture Zone at the northern end of the array, the predicted transmission loss to the nearest (northeast) hydrophone is $100 dB. The transmission loss to the farthest (southwest) hydrophone is $110 dB. On the basis of the Pacific model of , this 10 dB difference is equivalent to more than 1 earthquake magnitude, but it does represents a ''worst-case'' geometry since much of the travel path runs along the crest of the shallow MAR. The predicted transmission loss to the southeast hydrophone is only $104 dB, or $0.5 magnitude difference from the northeast case. To minimize the bias from partially detected events, only events recorded on at least four hydrophones with acoustic magnitudes of !208 dB are used in the seismic analysis.
Data Analysis
[18] To investigate the spatial variability in hydrophonerecorded event rate along the axis of the MAR, we calculated the distance of each event along the axis from the Fifteen-Twenty Fracture Zone (FZ) using the finite pole of rotation (77.2°N, 76.3°E) determined for magnetic anomaly 3A by Sloan and Patriat [1992] . Bathymetry and gravity data were used to define the segmentation of the ridge axis within the hydrophone array. The results were based on published interpretations [Sempéré et al., 1990; Smith and Cann, 1992; Thibaud et al., 1998 ] and new information provided by multibeam bathymetry data collected during the hydrophone servicing cruises. Forty-five spreading segments have been identified between the Fifteen-Twenty and Oceanographer FZs (Table 1 and Figure 4 ). Of these 45 segments, 25 are ''standard'' MAR segments (indicated in Table 1) , showing a shallower central region, a corresponding relative minimum in the gravity anomaly, and deeper extremities associated with relative gravity maxima [Lin and Parmentier, 1989] . The other 20 segments lack one or more of these characteristics.
[19] To examine the relationships between the spatial distribution of hydrophone-recorded events and ridge segmentation, we have assigned to each segment those events that have occurred within a box defined by flow lines passing 10 km to the north and south of the ends of the segment, and extending off axis to anomaly 3A (5.69 Myr). In cases of overlap, an event is assigned to the segment that is nearest to its location. To define this box, we have used the pole and angle of finite rotation given above [Sloan and Patriat, 1992] . This corresponds to spreading directions that vary between 104°and 101°, and spreading rates that vary between 22 and 24.9 mm/yr, from south to north (FifteenTwenty FZ to Oceanographer FZ).
[20] We also compare the 2-year pattern of hydrophonerecorded events with the longer term teleseismic pattern, and the more temporally and spatially restricted pattern of earthquakes recorded by OBSs. Teleseismic event locations and magnitudes were obtained from the National Seismic System composite catalog for the period 1973 -2001. Because the coverage of the catalog is not uniform in time we restrict some of our comparisons to teleseismic events occurring between 1990 and 2000. Information on the microseismicity of the ridge axis was obtained from four regions within the hydrophone array where OBSs were deployed for periods of a few weeks or more. These regions are located along the axis of the MAR at $22.5°N [Toomey et al., 1988] , 26°N (TAG) [Kong et al., 1992] , 29°N [Wolfe et al., 1995] , and 35°N [Barclay et al., 2001] . Seismic moments of the OBS events were converted to body wave magnitudes for ease of comparison to teleseismic magnitudes.
[21] Using the method described above, we assign 2842 of the 3485 events within the array to the 45 segments identified (Table 1) ; all 2842 have acoustic magnitudes !208 dB. The same procedure is used for teleseismic events recorded between 1973 and 2001. Most of the hydrophone (87.7%, Figure 5 ) and the teleseismic events (84.2%) are located <20 km from the ridge axis, even with the larger errors associated with teleseismic locations.
Large-Scale Variability in
Hydrophone-Recorded Events
Supersegments
[22] Within the hydrophone array the ridge can be divided into ''supersegments'': regions of the ridge bounded by the major fracture zones. Table 2 shows the number of hydrophone-recorded events normalized to a length of 100 km for Figure 3 . Histograms of the T wave acoustic source levels of earthquakes located from the data collected during the 2-year monitoring period. The events were all located within the hydrophone array, and only those events recorded on four or more hydrophones are included. The lower shaded histogram shows the number of events in 1-dB bins and indicates event detections are reliable to 208-210 dB. T waves are still recorded at <205 dB. The cumulative histogram is also shown and illustrates that more than 3000 events were recorded during the 2 years with acoustic magnitudes of 208 dB or greater, roughly 2 orders of magnitude more events than recorded teleseismically. each supersegment for the two years of data. As described in the previous section, the numbers include all events on crust less than $5.69 Myr (anomaly 3A). Regional ridge obliquity is also given in Table 2 and defined as the difference between the overall azimuth of the ridge section and the direction perpendicular to average spreading direction. The ridge obliquity in the four supersegments varies between 0°(Fifteen-Twenty to Kane), and 30°(Hayes to Oceanographer). The normalized number of teleseismic events for the 10-year period between 1990 and 2000 (and 1980 and 1990) is also given.
[23] Table 2 shows that the Kane to Atlantis supersegment had the highest normalized number of hydrophonerecorded events per 100 km in the 2 years of monitoring. This value includes a large earthquake sequence (165 aftershocks) that occurred in the rift mountains of segment 18 [Bohnenstiehl et al., 2000 . Without that sequence, the number of hydrophone-recorded events/100 km is similar in the three supersegments between the FifteenTwenty and Hayes FZ. The Hayes to Oceanographer supersegment had the lowest number of hydrophone-recorded events. Teleseismic events recorded over the past 10 years show a different pattern, with the number of events per 100 km increasing to the north instead of decreasing. Normalized numbers of teleseismic events for the previous 10 years (1980 -1990; Table 2 ), however, show yet a different pattern, suggesting that there is no persistent difference in the frequency of large earthquakes between the four supersegments. In the period 1980 -1990 the Hayes to Oceanographer supersegment was the least active teleseismically, similar to what is observed from the hydrophone data (Table 2) . Table 1 . Note the striking gaps in seismicity along the axis especially between the Fifteen-Twenty and Kane FZs.
Seismicity Along Transform Faults
[24] The major transform faults associated with the Oceanographer, Hayes, Kane, Atlantis, and Fifteen-Twenty FZs show differing amounts of seismic activity during the two years of hydroacoustic monitoring (Figures 4 and 6) . The Kane and Atlantis transform faults were active. In contrast, the Fifteen-Twenty, Hayes, and Oceanographer transforms showed little seismic activity. A seismic moment deficiency has been observed teleseismically along oceanic transform faults [e.g., Brune, 1968; Engeln et al., 1986; Abercrombie and Ekström, 2001] . The lack of hydroacoustically recorded seismicity along some of the transforms suggests that the seismic deficit may not be accounted for by a high number of smaller-magnitude earthquakes. Instead the lack of seismicity may indicate that aseismic slip occurs. This is consistent with the presence of serpentinite, which displays stable sliding (velocity strengthening behavior) for velocities consistent with those expected along slow spreading transform faults [Reinen, 2000; Reinen et al., 1994] .
Along-Axis Variability in Seismicity: Stripes and Gaps
[25] Within the hydrophone array, along-axis event rate shows an uneven distribution ( Figure 6 ), with zones that are seismically inactive (gaps) and areas that have shown continuous seismic activity throughout the two years of monitoring (stripes). Gaps, defined as regions with less than five hydrophone-recorded events in 0.1°bins along the axis, must correspond either to areas where deformation is accommodated through low magnitude seismicity (lower than the detection limit of the hydrophone array) or to areas where deformation occurs aseismically, or to quiescent areas in which stress is accumulating and not being released [e.g., Arnott and Foulger, 1994] .
[26] Eleven conspicuous stripes (areas of continuous activity as seen in the right panel of Figure 6 ) are identified, two of which correspond to the Kane and Atlantis transform faults. The other nine stripes correspond to areas with large numbers of events (Table 1) . The segments within which the stripes occur are marked on Figure 6 , the most prominent being in segments 13 and 15. Note that the teleseismic events that occurred within the monitoring period do not appear to trigger the activity in the stripes.
[27] The pattern of seismically active/inactive areas observed in the hydrophone data can be recognized in the longer-term teleseismic record (data from 1973 to 2001), although it is not as clearly defined. This lack of definition may be due to the lower number of events (648 teleseismic events, Figure 6 ), and perhaps the much larger error ellipses associated with teleseismic locations. The similarities suggest that the patterns of seismicity along the axis can be persistent at timescales of 1 year to a few decades.
Along-Axis Variability in Seismicity: Variability Between Segments
[28] To compare the level of seismicity between individual segments, the number of hydrophone-recorded events in each segment (Table 1) has been normalized to an average segment length of 40 km. The normalized number of hydrophone-recorded events varies between 5.5 (segment 10) and 182.5 (segment 15) for the 2-year deployment. Figure 7 shows that the normalized number of hydrophonerecorded events is <40 in 25 out of the 45 segments. The gaps in seismicity, as labeled on Figure 6 occur within these segments that have low normalized number of events. Stripes occur within segments that have normalized numbers of hydrophone-recorded events >75. There are segments with low and high number of events that are not gaps and stripes. In these segments, the events are either clustered in time or spatially diffuse. For example, in the case of segment 18 as mentioned above, the magnitude 5.9 normal faulting event along the rift valley wall in April 1999 was followed by 165 aftershocks [Bohnenstiehl et al., 2000 Smith et al., 2002] , with a rapid decay in seismic activity, following an Omori's Law [Utsu et al., 1995] .
[29] The number of teleseismic events per segment for the period 1973 -2001, also normalized to a segment length of 40 km, varies between 2.1 (segment 10) and 29.7 (segment 44). Figure 7 shows that the normalized number of teleseismic events is <10 in 24 out of 45 segments. In general, the normalized number of hydrophone-recorded events within segments is positively correlated with the normalized number of teleseismic earthquakes recorded over the past 28 years. There are some significant exceptions to this, however. Segments 26 and 36 both have high rates of teleseismic activity, but have experienced only two and one teleseismic events, respectively, and <20 hydrophone-recorded events during the 2 years of monitoring.
[30] The supersegment between the Fifteen-Twenty and Kane FZs is dominated by segments with low levels of both hydrophone and teleseismic activity. This is especially striking in the region encompassing segments 7 -10. Also in this supersegment, segment 15 stands out for its high normalized number of hydrophone and teleseismic events. It is the well defined stripe seen at $775 km distance along the axis in Figure 6 . Seismic activity was more or less continuous in segment 15 throughout the 2-year recording period with an average rate of 1 event/3 days. An OBS study was conducted by Toomey et al. [1988 Toomey et al. [ , 1985 at the northern end of the segment. We discuss the nature of this stripe in more detail in sections 7 and 8.
[31] Figure 8 shows that there is no clear relationship between the normalized number of hydrophone-recorded events in a segment, and the length or trend of the segment, the maximum offset of the discontinuities that bound the segment, or the contrast in MBA between segment ends and center. Many segments with a low normalized number of hydrophone-recorded events do, however, share two characteristics: they are ''standard'' segments (deeper extremities corresponding with gravity maxima, shallower center corresponding with gravity minima); and the axial depth at the segment center is 3700 m (Figure 9 and Table 3 ). All 11 segments that are associated with the gaps in seismicity marked on Figure 6 have an axial depth <3700 m at segment center ( Figure 9 and Table 3 ), and only one of these segments is ''nonstandard'' (segment 12, which does not have a typically shaped MBA).
[32] Regional axial depths tend to shallow to the north of the study area, toward the Azores hot spot [e.g., Figure 5 . Number of hydrophone-recorded events versus distance to the ridge axis (negative distances are to the west). Total number of events is 2842. Schilling et al., 1985] . Using the best fit line shown in Figure 9 lets us account for this systematic variation in depth, but using this line as a depth threshold instead of a depth of 3700 m does not modify the proportion of segments with shallow centers and a low level of hydrophone-recorded activity.
[33] Of the 20 segments with normalized number of hydrophone-recorded events >40 m (Figure 7 and Table 3), 11 are ''nonstandard'' segments with a segment center depth >3700 m, while 9 are ''standard'' segments with 7 of those having segment center depths <3700 m. Table 3 shows that the correspondence between the level of hydrophone-recorded activity (including stripes), segment morphology and gravity, and axial depth at segment center, is not as straightforward for segments with high hydrophonerecorded activity as those with low activity.
Segment-Scale Distribution of Hydrophone-Recorded Events
[34] The event locations we use correspond to the points where seismic energy radiates from the seafloor into the water column. These locations do not necessarily correspond to earthquake epicenters, and to what extent they can be used to determine small-scale variations in earthquake patterns is unknown. Nonetheless, we find there are systematic variations in the distribution of hydrophone-recorded events, and these are discussed below. Figure 6 (right). Note the presence of well-defined stripes of seismic events, indicating continuous seismic activity within a small area throughout the monitoring period. Stripes are marked to the right with black lines and labeled with the number of the segment within which they occurred. There are also gaps in the seismicity. These regions are marked on the right by gray lines and labeled with segment numbers. The marked gaps represent regions with less than five hydrophone-recorded events within the 2-year monitoring period.
[35] Most of the hydrophone-recorded events (79%) occur within 20 km of the segment ends (Figure 10a) , and most segments are 40-70 km long (Table 1) . This means that the center part (i.e., >20 km away from segment ends) is often shorter, if it exists at all, than the extremities (i.e.,<20 km away from segment ends). The high proportion of segment end events therefore, is largely due to the distribution of segment lengths in the study area. Figure 10b shows, however, that this trend of decreasing number of events with increasing distance to segment end persists when numbers of segment center events are normalized to a length of 40 km (equal to the combined length of the two segment ends). The proportion of segment end events is then 57.4%.
[36] The spatial distribution of hydrophone-recorded event locations across the ridge axis varies between segment centers and segment ends. The proportion of events located <10 km from the axis decreases from 67.5% at the segment center to 54.3% at the segment end, while events located between 10 and 20 km from the axis (over the rift mountains) is 20.6% for the segment center and 33.3% for the Figure 7 . Number of events by segment, normalized to a segment length of 40 km: (top) hydrophonerecorded events and (bottom) teleseismic earthquakes (1973 -2001) . Dots indicate normalized number of earthquakes per segment. Horizontal lines are arbitrary and divide the segments into those with high (blue dots), medium (red dots), and low (yellow dots) event activity. Gray shading shows segments with low numbers of both hydrophone and teleseismic events. Standard segments are shown in bold. [Thibaud et al., 1998 ]. Segments that correspond to the gaps in seismicity defined in Figure 6 (black dots) span a wide range of segment lengths, orientation, maximum offset, and along-axis MBA contrast. Open circles show segments containing stripes. Figure 9 . Axial depth at segment center as a function of latitude for the 45 ridge segments between the Fifteen-Twenty and Oceanographer FZs. Gray circles indicate segments with a normalized number of hydrophone-recorded events <40. Solid circles indicate gaps. Red circles indicate stripes. Blue circles indicate others. Solid line is 3700 m. Dotted line is best polynomial fit of the data, excluding segments 41 and 45 that stand out as particularly shallow. Axial depths tend to shallow to the north of the study area, toward the Azores hot spot. Twenty-five segments have <40 hydrophone-recorded events (55%); of these 19 have shallow axial depths. All segments with gaps have axial depths <3700 m. segment end (Figure 11 ). Increased numbers of hydrophone-recorded event locations over the rift mountains of segment ends may, however, be influenced by the raised topography, which may act as a preferred radiator into the oceanic sound channel versus events generated from deeper locations which must propagate further before being entrained. We currently do not understand how important topographic steering is along this section of the MAR.
[37] The cross-axis spatial distribution of events also shows a marked asymmetry with more events occurring at inside corners (IC) than at the conjugate outside corners (OC), as was first observed in OBS studies [e.g., Cessaro and Hussong, 1986; Rowlett, 1981; Rowlett and Forsyth, 1984; Wolfe et al., 1995] . To quantify this asymmetry, we define boxes that extend 20 km from the axis and from the discontinuity; the box on the active side of the discontinuity corresponds to the IC, while the box on the conjugate, inactive side corresponds to the OC. Only the 34 discontinuities with an offset >5 km (see Table 1 ) are used in the calculation. Although on average more events occurred at the IC (66.3%) than at the OC, the opposite pattern is observed in some of the segments (Figure 12 ).
Segments With OBS Studies
[38] Although the OBS studies we consider here are all limited in duration (a few to several weeks), we make the assumption that their results are representative of the longer term seismicity in these regions. We consider the geologic and geophysical characteristics of the four OBS segments (segments 45, 32, 24, 15) in detail (Table 4) . Following Thibaud et al. [1998] each segment is categorized as ''hot'' or ''cold,'' based on a combination of variables dependent on their thermal state. Hot segments show a strong change in along axis MBA and bathymetry, and a narrow inner valley, while cold segments have a smaller change in along-axis MBA and relief, and a wide inner valley floor. Additional information about crustal structure of each segment can be inferred from the shape of the along-axis profile taken along the top of the axial volcanic ridge, if one has been constructed, or the center of the segment otherwise [Smith and Cann, 1999] . Smith and Cann [1999] suggested, based on hydraulic potential arguments, that if magma reservoirs exist within the crust they must be located beneath the shallowest parts of the longitudinal profiles. If a profile comes to an abrupt peak, this would suggest that there is no magma reservoir within the crust or that it is small in its along-axis extent. If the shallowest part of the longitudinal profile is flat for some distance, then a magma reservoir (or at least a hydraulically connected magma system) could extend along the axis for as far as the crest is flat.
[39] Segments 45 and 32 (Table 4 and Figure 13 ) are hot segments and in our terminology are also standard, with depths at the bathymetric highs <3700 m, and bathymetric (3, 13, 15, 25, 27, 30, 31, 37, 40) 9 4 5 4 (0) 0 (5) a Numbers are given to identify standard and (nonstandard) segments. b Segments 1, 2, 4, 6, 7, 8, 9, 10, 11, 12, 14, 16, 19, 21, 23, 26, 28, 29, 35, 36, 38, 39, 41, 43, 45. c Segments 3, 5, 13, 15, 17, 18, 20, 22, 24, 25, 27, 30, 31, 32, 33, 34, 37, 40, 42, 44 . profiles with flat tops of $40 and $20 km, respectively. Segment 32 has a large axial volcanic ridge built along much of its length, indicating that large volumes of lava have been erupted. The extent of the flat portion of the bathymetric profile suggests that a crustal magma reservoir may have extended (or extends) along much of the length of segment 32. The bathymetric profile of segment 45 has a shorter flat portion suggesting that crustal reservoirs may be restricted to the center of the segment. Segment 45 displays the greatest along-axis change in MBA and shallowest water depth of the four segments (Table 4) , and recent looking lava flows have been observed at its center [Bideau et al., 1998 ]. A shallow low-velocity body has been inferred 1 -2 km beneath a volcano sitting near the segment center [Barclay et al., 1998] , and a chain of large seamounts extends to either side of the segment center [Rabain et al., 2001] . All indications are that magma emplacement is greatly enhanced at the center of segment 45.
[40] Segments 24 and 15 are cold segments and nonstandard, with depths at the along axis bathymetric high >3700 m ( Figure 9 and Table 4 ). The profiles along segments 15 and 24 are sharply peaked with flat tops limited to $7 km and $15 km, respectively. If magma reservoirs reside within the crust at these segments they are likely limited in along-axis extent.
[41] In segment 45, the few events recorded by the hydrophones are located at the IC regions (Figure 13a) . Barclay et al. [2001] reported on a microearthquake experiment conducted here. The OBS array was deployed at the center of the Figure 11 . Number of segment end (solid dots and solid line) and of segment center (shaded dots and dashed line) hydrophone-recorded events in 10 km bins representing distance to the ridge axis. Total number of events is 2842. Seismicity continues farther from the axis at segment ends. Increased numbers of hydrophone-recorded event locations over the rift mountains of segment ends may, however, be influenced by the raised topography, which may act as a preferred radiator into the oceanic sound channel (see text). segment, but earthquake locations were obtained along its entire length. Microearthquakes were recorded at the two inside corners (consistent with the results from the hydrophone data locations) and at the center of the segment. The maximum focal depth of the microearthquakes at the segment center was estimated to be $4 km, which is shallower than that obtained for other MAR segments where microearthquake studies have been conducted [Barclay et al., 2001] . It is inferred from this that the brittle/ductile transition is shallow, and crustal temperatures are elevated at the center of segment 45. There have been no teleseismic events near the segment center in the last 27 years. Microearthquake magnitudes estimated for the center events are almost all <1. This magnitude is below the sensitivity of the hydrophones and well below that of the teleseismic network. No magnitudes are available for the IC microearthquakes for comparison.
[42] A microearthquake study at segment 32 (Broken Spur [Murton et al., 1999] ) covered the southern half of the segment [Wolfe et al., 1995] . The greatest level of microearthquake activity was located on the southern inside corner (Figure 13b ). The maximum depth of events located on the inner valley floor was more or less constant along the segment, and it was inferred that the brittle-ductile transition does not shoal from the end to the center of the segment. Nonetheless, variables such as the MBA [Lin et al., 1990] and bathymetry indicate that the center of segment 32 has thicker crust or hotter mantle temperatures than the ends. Wolfe et al. [1995] suggested that the thermal structure of a segment may not be in steady state, and consequently the constant focal depths may indicate that segment 32 is cooling. This change in the thermal structure may not yet be reflected in the MBA and bathymetric profile.
[43] The spatial patterns of the hydrophone-recorded events in segment 32 are similar to the OBS patterns ( Figure  13b ): hydrophone-recorded events dominate the southern inside corner high, while only a small percentage are located near the segment center. Note that the hydrophone-recorded events are shifted to the west from the location of the microearthquakes at the IC and to the east at the segment center. This could be real or it could reflect topographic steering with energy radiating from shallower topography. Magnitudes of some of the microearthquakes are >2 at both the end of the segment and the center of the segment [Wolfe et al., 1995] , perhaps explaining why the hydrophones detected events in the center of this segment and not in segment 45.
[44] Segment 24 contains the TAG hydrothermal vent field near 26°N [e.g., Kleinrock and Humphris, 1996b; Rona and Speer, 1989] (Figure 13c ). An OBS array centered on the axial bathymetric high covered about two thirds of the segment length [Kong et al., 1992] . Kong et al. [1992] inferred that a recent magmatic intrusion was centered beneath the bathymetric high, extending southward $10 km, and coinciding with the flat portion of the bathymetric profile. The low-velocity region was thought to be relatively hot crust rather than molten material, and associated seismicity was interpreted as being triggered by cooling. Hydrophone-recorded events are located near the segment center where the largest magnitude microearthquakes (>1.5) were recorded. The hydrophone-recorded events are scattered across the bathymetric high into the nearby rift mountains (Figure 13c ). As in segment 32 the hydrophone-recorded events in the rift mountains of segment 24 appear to be shifted to coincide with shallower topography. A teleseismic event occurred toward the end of the monitoring period in the eastern rift mountains at the southern end of the segment (Figure 13c ) but lacked a typical aftershock sequence.
[45] Segment 15 contains a well-defined seismic stripe ( Figure 6 ). An OBS array at the northern end of the segment [Toomey et al., 1985 [Toomey et al., , 1988 recorded numerous events extending from the northern end of the segment to near to the center, with focal depths of 4 -8 km. The events were interpreted as tectonic in origin. The largest magnitude earthquakes (>2) recorded by the OBS array were located close to the center of the segment. On the basis of these results, Toomey et al. [1988] suggested that spreading has been accommodated by faulting at this segment for at least the last 10 4 years, implying that segment 15 is in an amagmatic phase. The hydrophone data show that the entire length of the segment was active during the two years of monitoring. As in other segments, there appears to be a shift in the hydrophone locations compared to the microearthquakes near the segment center and the northern end of the segment.
[46] Segment 15 has experienced a large number of teleseismic events in the last 28 years (Figure 13d ). Three teleseismic events occurred during the hydrophone monitoring period, though none of them had a typical aftershock sequence [Bohnenstiehl et al., 2000 . One of the teleseismic events was located in the rift mountains just to the west of the axial high, and the other two were located $10 and $20 km south of the high.
[47] Segments 15 and 24 are similar in many ways: very small or ambiguous ÁMBA, peaked bathymetric profile, teleseismic events during the deployment. In addition, they are both nonstandard segments with axial depths >3700 m. They are different in that segment 15 has a high number of hydrophone-recorded events while segment 24 has an intermediate number (Table 4) . It is intriguing to think that segment 15 may be a snapshot of the TAG segment in an active tectonic stage. This is discussed in more detail below.
8. Discussion
Controls on Low Levels of Hydrophone-Recorded Event Rate
[48] There appears to be no simple correlation between individual segment variables and normalized number of hydrophone-recorded events (Figure 8) . However, when variables are considered together patterns emerge. For example, considering Thibaud et al.'s [1998] hot and cold segments, defined from a combination of along-axis topography, water depth, and ÁMBA (all of which depend on the segments axial thermal structure), we find that their example of a cold segment (segment 31) has a high level of hydrophone-recorded activity, their examples of cold/intermediate segments (segments 44, 42, 39, 23, and 8) have intermediate to low levels of hydrophone-recorded activity, and their examples of hot segments (segments 45, 41, and 7) have low levels of activity. Overall, these data suggest that hot segments undergo less tectonic strain than cold segments, based on the seismic activity recorded by the hydrophones.
[49] On the basis of our results for all of the segments in the study area (see Table 3 ), we suggest that it is segments with standard characteristics (a shallower central region, a corresponding relative minimum in the gravity anomaly, and deeper extremities associated with relative gravity maxima) and a shallow axial depth at center that have low seismic activity. In contrast, segments with a large number of hydrophone-recorded events frequently have nonstandard characteristics and axial depths at segment center in excess of 3700 m (Table 3 ). In the 15°-35°N region of the MAR, there is a correlation (although not a perfect one) between the axial depths at segment centers and the width and depth of the axial valley: the shallower the axial center depth, the narrower and shallower the axial valley. The shallow axial depths, as argued by Neumann and Forsyth [1993] , likely represent a combination of hot and thick crust and thinner lithosphere.
[50] We note that a large ÁMBA is not essential for segments to have low levels of hydrophone-recorded activity. The along-axis ÁMBA has often been used to infer magma budget (the amount of melt being supplied to a segment), and to determine its current magmatic or amagmatic state. If ÁMBA simply represents the difference in crustal thickness between a segment center and its ends, it is in fact more equivalent to the degree of magma focusing. For example, segments 7 -10 south of the Kane FZ, which have low levels of hydrophone-recorded activity, have small ÁMBAs and small along axis relief, but they all have shallow axial depths and shallow axial valleys, suggesting relatively thin lithosphere. They may be hot segments with poor magma focusing. In contrast, segments 14, 41 and 45, which also have low levels of activity, have a large ÁMBA, large along-axis relief, and shallow central depths suggesting that they are hot segments with focused melt supply.
[51] Gaps in activity occur predominantly in the center of standard segments with shallow axial depths. More than half of the gaps occur within segments that are long and have large along-axis relief and ÁMBA (e.g., segments 14, 38, 41, and 45 and, to a lesser extent, segment 12, 16, and 29) . Gaps also occur in standard segments with shallow axial depths but small ÁMBAs (segments 10, 26, and 28). The only segment with a gap at its center that is not a standard segment is segment 12, which has no clear axial valley. The off axis traces of a wide and migrating discontinuity are observed on both flanks, and immediately to the east of the center is a large, recently constructed volcano [Gente et al., 1995] . Our interpretation is that segment 12 is the locus of a recent large influx of magma that has not yet transformed the discontinuity into a new segment. Thus segment 12 is nonstandard but could have a hot axial thermal regime.
[52] On the basis of the OBS results at segment 45 [Barclay et al., 2001] , it is possible to argue that the low levels of hydrophone-recorded activity in segments similar to segment 45 (shallow, large along-axis change in relief and MBA) are due to thin lithosphere, producing earthquakes (tectonic or hydrothermal/volcanic) below the detection limit of the hydrophones and the teleseismic network. The thin lithosphere is a result of higher axial temperatures and focused upwelling generating significant changes in the MBA along the axis. The same can be argued for those segments with gaps that have shallow axial depths but small ÁMBAs (segments 10, 26, and 28), the lithosphere is thin even though magma supply is not focused.
[53] Our preferred interpretation, therefore, would be that local variation in the thickness of the axial lithosphere is the primary control on the level of seismic activity along the 15°-35°N region. A corollary to this interpretation would be that segments with moderate to thin lithosphere tend to present standard characteristics, while segments that are less clearly defined (nonstandard) correspond to portions of the ridge with a thicker lithosphere.
[54] Low hydrophone recorded event rate could also occur in quiescent areas in which stress is accumulating and not being released such as observed in Iceland [e.g., Arnott and Foulger, 1994; Björnsson et al., 1977; Tryggvason, 1994] . Björnsson et al. [1977] proposed that tectonic and volcanic activity in Iceland occurs episodically at intervals of $100-150 years, each episode lasting only 5 -20 years followed by 80-145 years of quiescence. The systematic association of seismic gaps with standard, shallow segments suggests that stress accumulation would likely be a secondary process though, and not responsible for the patterns observed.
Fifteen-Twenty to Kane Supersegment
[55] In the Fifteen-Twenty to Kane supersegment a majority of the segments (12 of 17) have low normalized numbers of hydrophone-recorded events. All but four of these 12 segments have shallow axial depths (<3700 m, Figure 9 ) arguing for a hot thermal regime and thin lithosphere beneath them. Since the average depth of the ridge axis in the supersegment is deeper than in the Atlantis to Hayes or in the Hayes to Oceanographer supersegments, the lithosphere in the Fifteen-Twenty to Kane supersegment is not, on average, thinner than further north along the ridge.
[56] One way to explain the low seismicity level in so many of the segments could be that cooling is reduced at its discontinuities resulting in thinner lithosphere. This would be especially important at discontinuities with small offsets. Table 2 shows that the Fifteen-Twenty to Kane supersegment has zero obliquity, which is defined as the difference between the overall azimuth of the ridge section and the direction perpendicular to average spreading direction. A calculation of the total offset and total offset normalized to a 100 km ridge length for the four supersegments is shown in Table 5 . The Fifteen-Twenty to Kane supersegment has a total offset on discontinuities similar to that in the Kane to Atlantis and the Atlantis to Hayes supersegments. At a smaller scale, we find that offset lengths vary within the continuous low-level region containing segments 6-12 and can be large (Table 1 ). In addition, segments with low levels of activity are adjacent to segments with high levels of activity. All of these argue against offset length playing a major role in controlling hydrophone-recorded event levels in the region.
[57] Cooling might also be reduced at discontinuities that are short lived: a discontinuity that is very young may be seen as made of crust that is less pervasively disrupted by faults, hence lesser hydrothermal cooling. The map of predicted bathymetry [Smith and Sandwell, 1997] shows clearly, however, that discontinuities in the Fifteen-Twenty to Kane region are long lived in places, especially those associated with segments 6 -9. At this point we do not have an explanation for the large number of segments that exhibit low levels of hydrophone-recorded events in the FifteenTwenty to Kane supersegment.
Controls on High Levels of Hydrophone-Recorded Activity
[58] The correspondence between the level of hydrophone-recorded activity, segment morphology and gravity, and axial depth at the segment center, is not as straightforward for segments with high hydrophone-recorded activity as those with low hydrophone-recorded activity. The conclusion that low levels of hydrophone-recorded activity occur in standard segments with shallow water depths at their centers seems robust. The opposite is not always true, however. Standard segments with shallow water depths at the center do not always exhibit low activity. High hydro- phone-recorded event activity (>75 events, Figure 7 ) occurred in 6 of these segments (segments 18, 25, 30, 32, 37, and 40) . Four of them (segments 25, 30, 37, and 40) contain regions of near-continuous hydrophone-recorded activity (stripes). High hydrophone-recorded event activity also occurred in five nonstandard segments (segments 3, 13, 15, 27, and 31) with deep axial water depths (>3700 m). All of these five segments have stripes of seismic activity within them. Only segments 18 and 32, which had high event rates, are not classified as stripes. In these segments the events are clustered in time. In segment 18 a large aftershock sequence followed a teleseismic event in the western bounding walls. In segment 32 a large earthquake sequence was located near the southern IC.
[59] The possible causes for high level and persistent hydrophone-recorded activity could include (1) activity related to cooling of a segment; (2) deformation associated with magma movement within the crust; and (3) tectonic deformation. In segment 32 we infer that large volume eruptions have been occurring to build the robust axial volcanic ridge observed on the valley floor, and that a magma reservoir might have existed (or exists) beneath much of the segment to yield the extended flat top of the along axis profile. The ÁMBA suggests that the crustal thickness may vary by as much as 3 km from the end to the center of the segment [Lin et al., 1990] . In contrast, results from the OBS study of Wolfe et al. [1995] indicate that that the thickness of the brittle layer, as inferred from microearthquake activity, does not shallow from the southern end of the segment to its center. One way to interpret this is that cooling of the segment is very efficient, and/or that it is occurring at a timescale shorter than that recorded by other segment variables, such as bathymetry or gravity structure. If this is the case then persistent seismic activity in some of the standard, shallow segments may reflect these cooling processes. The seismicity might result from faulting and/or hydrothermal cracking with magnitudes large enough to be detectable by the hydrophones.
[60] Recent studies of the Gakkel ridge in the Arctic Basin have shown that the movement of magma within the crust and eruption of lava can be detected teleseismically at this ultra slow spreading ridge Tolstoy et al., 2001] . It is not known what the seismic characteristics of an eruption at the slow spreading MAR would be, but based on the sizes of the axial volcanic ridges built on the valley floor [Smith and Cann, 1999] they might last several years and thus be characterized by persistent seismic activity over a long period of time. We have no additional evidence, however, to suggest that eruptions have occurred during our monitoring period.
[61] Seismic activity at segment 15 was more or less continuous throughout the 2-year recording period with an average rate of 1 event/3 days. In our first paper we suggested the possibility that the characteristics of the events in segment 15 may indicate volcanic activity or a response to deformation caused by magma movement at depth. Other evidence from deep-towed camera imagery (our unpublished data), however, suggests that the part of the segment south of the central high has not been volcanically active for some time as sediments cover it. Whether the hydrophone-recorded activity signals a more recent episode of dike injection with or without an associated eruption, or perhaps the beginning of a new episode of magma inflation at this segment is not known. The sharply peaked bathymetric profile suggests though that any magma within the crust would be very limited in extent.
[62] Another possible explanation for the continuous seismicity at segment 15 is related to its similarities to segment 24, which contains the TAG hydrothermal vent field. As discussed above segments 15 and 24 share many characteristics. They both have very small or ambiguous ÁMBAs. Their along-axis profiles are sharply peaked. In addition, in both segments the neovolcanic zone is shifted west away from the northern IC high. They are both nonstandard segments with axial depths >3700 m. The segments are different in that segment 15 has a high number of hydrophone-recorded events while segment 24 has an intermediate number (Table 4) . A new interpretation of the TAG segment based on high-resolution magnetic data (H. Schouten and M. Tivey, personal communication) in combination with near bottom side-scan data [Kleinrock and Humphris, 1996a] and the results of the microearthquake study [Kong et al., 1992] suggests that the detachment fault associated with the northern IC and the neovolcanic zone may be active at the same time. The high-resolution sidescan data show that the hanging wall of the detachment fault is pervasively cut by faults and cracks and may be broken up in response to faulting events. The persistent activity recorded by the hydrophones at segment 15, therefore, may result from a combination of fracturing of the hanging wall following a faulting event on the detachment fault, renewed hydrothermal circulation within the newly fractured hanging wall and consequent cooling of the inferred low velocity zone underneath the segment center [Kong et al., 1992] , and perhaps magmatic/volcanic activity within the neovolcanic zone. Segment 15 may be a snapshot of the TAG segment in a seismogenically active phase. More detailed studies will be needed at segment 15, though, to understand more completely the origin of the seismic activity at this stripe and others.
Conclusions
[63] From the spatial and temporal patterns deduced from two years of hydrophone data collected between 15°and 35°N at the MAR we conclude the following:
1. The major proportion of the events located within the array are closely associated with the spreading axis: 88% occur within 20 km of the axis (Figures 4 and 5) . This implies that seismogenic faulting does not continue far out on to the flanks of the ridge and that it is not a major process associated with aging of the crust after $1.5 Myr, at least at the magnitude level detected by the hydrophones. This result is consistent with the results from studies of fault morphology [e.g., Escartín et al., 1999] : there appears to be little, if any, evidence for faulting beyond the crest of the rift mountains (20 -40 km from the axis).
2. Four supersegments bounded by the major FZs occur within the array. The lowest number of hydrophonerecorded events (normalized to a 40 km long segment) occurred in the north of the study area in the supersegment between the Hayes and Oceanographer FZs. Since the pattern of teleseismic events is different from the hydro-phone pattern and appears to change between decades (Table 2) , it is difficult to conclude that there is a persistent pattern in seismicity rates between the supersegments.
3. Event activity shows important variations along the ridge axis. The MAR between 15°N and 35°N shows areas with intense and constant seismic activity (seismic stripes) and areas that lack seismicity (seismic gaps). Because of our limited temporal coverage, we are not sure whether this dual expression of seismicity reflects fundamental differences in the long-term behavior of the respective segments or not. Teleseismic events were commonly associated with the regions of stripes. However, it does not appear that the teleseismic events trigger the smaller magnitude activity recorded by the hydrophones. As far as we know, stripes of activity such as these at the MAR are not observed at intermediate or fast spreading ridges, and understanding the controls on these stripes could lead to new insights into spreading processes at slow spreading ridges.
4. In general, regions and segments with low and high levels of seismic activity are observed both in the two years of hydrophone data and 28 years of teleseismic data, indicating that the patterns may be maintained at timescales between a few years and a few decades.
5. The portion of the MAR with well-defined seismic stripes and gaps, the lowest continuous region of low level hydrophone-recorded activity, and the highest percentage of segments with low level hydrophone-recorded activity is the Fifteen-Twenty to Kane supersegment. Table 2 shows that the Fifteen-Twenty to Kane supersegment is similar to other supersegments in its average number of hydrophonerecorded events. At this point we do not have an explanation for its unique pattern of alternating low and high numbers of seismic events.
6. Hydrophone-recorded events seem to concentrate, on average, at the end of segments compared to their centers. This is consistent with the idea that segment ends are colder, have thicker brittle lithosphere, and thus have more frequent and/or larger tectonic earthquakes. In addition, we find that on average more events occurred at ICs than at OCs. ICs are topographically shallower than OCs, though, and events may be steered by the topography, radiating from shallower points. We currently do not know how important topographic steering is and whether this might result in mislocating events from one side of the axis to the other. Taking the data at face value, we observe that for segments with offsets >5 km, 66% of the activity occurred on the IC compared to the OC. This result is consistent with the idea that there is a cross-axis asymmetry in tectonic extension at the ends of slow spreading ridge segments with more extension being accommodated at ICs [e.g., Escartín and Lin, 1995; Severinghaus and Macdonald, 1988; Tucholke and Lin, 1994] .
7. There is no simple relationship between individual segment variables (e.g., length or trend of the segment, the maximum offset of the discontinuities that bound the segment, or the contrast in MBA between segment ends and center) and the number of hydrophone-recorded events.
8. There is a general correlation between thermal structure and seismicity. Low and high numbers of hydrophone-recorded events would correspond to thinner (hotter) and thicker (colder) lithosphere, respectively at the ridge axis.
9. Seismicity may reflect thermal structure at the ridge axis at short timescales (decadal or longer), while bathymetry and crustal thickness may integrate this structure over longer periods of time (order of 1 Myr). The lack of a clear correlation between bathymetry and crustal thickness (as a proxy for long-term magmatic state of the axis) and seismicity (as a proxy of the present-day thickness of the brittle lithosphere) may be explained by the differences in the timescales of the processes involved.
